Inorganic phosphate (P i ) is the primary source of phosphorus for bacteria. P i is transported in Escherichia coli by two transporters, Pst (phosphate-specific transporter) and Pit (phosphate intake transporter), across the inner cell membrane (43) . Furthermore, it has been demonstrated that P i can be generated in the periplasmic space from various organophosphate and phosphonate sources by dephosphorylating enzymes, such as pH 2.5 acid phosphatase (appA gene product) (18) , hexose 6-phosphatase (19) , glucose 1-phosphatase (agp gene product) (38) , cyclic phosphodiesterase (cdpB gene product) (12) , and alkaline phosphatase (phoA gene product) (12, 24) . All of these proteins are exported to the periplasm, but the alkaline phosphatase (PhoA) is the most prominent one (32, 47, 54, 57) . Whereas E. coli has only one copy of phoA (E. coli phoA), Bacillus subtilis possesses four functional homologues, but only the phoA and phoB genes encode structural homologues of E. coli PhoA (25) . E. coli phoA is part of the phosphate regulon, which includes more than 80 genes, and phoA expression is upregulated more than 100-fold upon P i starvation (56) .
E. coli PhoA has been studied extensively and used as a reporter for the identification of secreted proteins (9, 31, 32, 46, 48, 50, 57) , because it is an exported enzyme which is activated only after its translocation into the bacterial periplasmic space. PhoA homologues have also been described in other bacteria (2, 3, 20, 30, 34) . The PhoA precursor protein in E. coli has a classic amino-terminal signal peptide and is translocated via a Sec-dependent pathway to the periplasmic side of the cytoplasmic membrane. The leader peptide of the precursor protein is then removed by a signal peptidase I (LepB), and the mature PhoA protein is released in the periplasm (8) . The protein undergoes two additional modifications involving DsbA (thiol-disulfide interchange protein) (6) , DsbB (disulfide bond formation protein B) (22) , and Iap (alkaline phosphatase conversion protein) (26) , resulting in the formation of two intramolecular disulfide bonds and the removal of the N-terminal arginine from the mature protein. Finally, after dimerization of two processed protein subunits, the enzyme achieves its active state. Thus, the formation of an active PhoA in E. coli is a complex process which depends explicitly on efficient export of PhoA outside the cell, posttranslational processing, and dimerization (1, 36) .
Despite the functional and structural similarities observed among the bacterial PhoA enzymes, the mechanisms of phoA induction (25, 40) , as well as the mechanisms of the enzyme secretion, seem to differ in different bacterial species (2) . The alkaline phosphatase enzymes of mycobacteria have not previously been identified or studied. Although constitutive phosphatase activity has been observed in Mycobacterium bovis BCG (10), this activity was apparently not related to a PhoA homologue because no such homologues can be found in either the Mycobacterium tuberculosis or M. bovis genome database. In Mycobacterium smegmatis, alkaline phosphatase activity has not been detected previously, and it has been presumed that M. smegmatis lacked a functional alkaline phosphatase. In fact, due to the apparent absence of PhoA activity in M. smegmatis, the truncated phoA gene of E. coli (ЈphoA) has been used as a reporter for protein export in M. smegmatis (53) . E. coli ЈphoA encodes a truncated protein lacking the signal sequence, and the enzyme is not exported to the periplasm and is enzymatically inactive. If a signal sequence is fused to E. coli ЈphoA, the resulting fusion protein will be exported and can be assayed as an enzymatically active fusion in M. smegmatis. Such a strategy has been used successfully to identify exported mycobacterial proteins (7, 11, 13, 27, 29, 53) .
In this article we present data for the existence of cryptic phoA in M. smegmatis. Here we show that M. smegmatis phoA is constitutively expressed in strains with mutations in genes of the pst operon and that M. smegmatis phoA expression in M. smegmatis is upregulated upon phosphate starvation. In addition, we present data that M. smegmatis PhoA is a lipoprotein that is exported to the cell surface but remains associated with the cell membrane.
MATERIALS AND METHODS
Bacterial strains and growth conditions. The bacterial strains, bacteriophages, transposons, and plasmids used in this study are listed in Table 1 . E. coli and M. smegmatis strains were grown in Luria-Bertani (LB) medium. Antibiotics were used at the following concentrations: kanamycin, 40 g/ml for E. coli and 20 g/ml for M. smegmatis; carbenicillin, 50 g/ml for E. coli; and hygromycin, 150 g/ml for E. coli and 50 g/ml for M. smegmatis. LB agar containing 60 g of 5-bromo-4-chloro-3-indolylphosphate (BCIP) (Sigma, Inc.) per ml was used for screening of E. coli phoA-and M. smegmatis phoA-expressing clones. Plasmid or cosmid DNA was introduced into M. smegmatis mc 2 155 by electroporation as previously described (49) . After expression for 2 h at 37°C, cells were plated on LB agar containing 0.5% glucose, 0.05% Tween 80, 60 g of BCIP per ml, and either 20 g of kanamycin per ml or 50 g of hygromycin per ml.
Molecular biology procedures. All molecular biology techniques for cloning were done by standard protocols as described by Sambrook et al. (45) . The restriction enzymes and Vent DNA polymerase were obtained from New England BioLabs, Inc. KspI was obtained from Boehringer Mannheim, Inc.
32 P for DNA labeling and Southern analysis was purchased from Dupont, New Products, Boston, Mass.
The plasmids and cosmids used in this study are listed in Table 1 . Plasmid pJK212 is shuttle vector constructed by cloning attP and int from mycobacteriophage L5 (28) (33) , and Tn5371 is a mariner derivative (44) . Both were cloned into a mycobacteriophage TM4-based vector, the temperature-sensitive phage phAE159 (J. Kriakov, unpublished data), resulting in phAE159(Tn5370) and phAE159(Tn5371), respectively. These phages were used as vehicles for transposon delivery and for random mutagenesis of M. smegmatis. The isolation of mutant strains and the identification of the transposon insertion sites were performed as described previously (5, 16) .
Mycobacteriophage I3 (42) was used for generalized transduction of M. smegmatis. High-titered phage lysates (10 10 PFU/ml) of phage I3 were prepared on the donor strain as a host, and then the phage lysates were used to transfer the marker of interest into the recipient strain. Briefly, recipient strains were grown to optical density at 600 nm of 0.8 to 1.0 in 50 ml of liquid medium. Cells were washed twice with LB, brought to 1/50 of the initial volume, and infected with 10 10 PFU of transducing phages per ml at a multiplicity of infection of 1:10. After incubation for 6 h at 37°C, cells were washed once with LB containing 0.1% Tween 80, resuspended in 50 ml of LB, and expressed for 3 h. Finally, the cells were collected and plated on selective medium.
DNA and protein sequence analysis. DNA sequencing was performed with an Applied Biosystems Big Dye terminator cycle sequencing kit (Perkin-Elmer) and an Applied Biosystems 377 automated DNA sequencer. Tn5370 transposition junctions at the target site in genomic DNA were obtained with the HOP1 and HOP2 (33) primers, directed outward from inside both transposon ends. The primers phoMS-A (5Ј-ATCCACGTCATCGAGGAGT-3Ј) and phoMS-B (5Ј-C CGTCGAGATCGAGTTGTA-3Ј) were used for PCR amplification to obtain from genomic DNA of M. smegmatis the 2.23-kb DNA fragment containing the M. smegmatis phoA gene, including its flanking regions. The 2.23-kb fragment was cloned and sequenced, and the putative phoA gene sequence has been deposited to GenBank, accession number AY069934.
For DNA and protein analysis, the following servers were used: NCBI Advanced Blast and GenBank sequence data submission (http://www.ncbi.nlm.nih .gov/blast/ and http://www.ncbi.nlm.nih.gov/GenBank/, respectively), the Sanger Centre M. tuberculosis Sequencing Project (http://www.sanger.ac.uk/Projects /M_tuberculosis/), Tuberculist (http://www.pasteur.fr./Bio/Tuberculist/), PSORT (http://psort.nibb.ac.jp:8800/), TMHMM (http://www.cbs.dtu.dk/services/TMHMM -1.0/), and opPred2 (http://www.biokemi.su.se/Ϸserver/toppred2Server.cgi). Preliminary sequence data for M. smegmatis were obtained from the Institute for Genomic Research website at http://www.tigr.org.
Alkaline phosphatase activity. The alkaline phosphatase activity of M. smegmatis strains was estimated as described previously (11) with small modifications. Strains were grown at 37°C, and at days 2, 4, 6, and 8, cells were pelleted and resuspended in 0.1 ml of 1 M Tris (pH 8.0); 1.0 ml of PhoA substrate, consisting of 2 mM p-nitrophenyl phosphate plus disodium salt (Sigma, Inc.) dissolved in 1 M Tris (pH 8.0), was added to the cell suspension. Alkaline phosphatase units were determined by the following formula: 1,000 ϫ [optical density at 420 nm/(minutes of reaction) (optical density at 600 nm)]. The negative control strain used in these assays was M. smegmatis mc 2 155 phoA::hyg. The effect of inorganic phosphate on phoA induction was studied at low (500 M) and high (10 mM) concentrations of phosphate in the medium as suggested before (15, 30) , with some modifications. The strains were grown in 7H9 medium (Difco) to an optical density at 600 nm of 1.0, and then the cultures were washed twice with 500 M phosphate buffer and the cells were resuspended to a final optical density at 600 nm of 0.2 in a home-prepared 7H9 medium containing either 500 M or 10 mM K 2 NaH 2 PO 4 buffer, pH 7.0. The cell suspensions were incubated at 37°C, and PhoA activity was measured at different time points.
Lipoprotein analysis and immunoprecipitation. Cellular lipoproteins of M. smegmatis were labeled with [
14 C]acetate as described by Fernandez et al. (21); 10 ml of 7H9 broth was inoculated with overnight culture of M. smegmatis to an optical density at 600 nm of 0.2. Next, [ 14 C]acetate was added to a final concentration of 50 Ci/ml, and the cells were incubated for 8 h at 37°C. For removal of the high background of radiolabeled material, phospholipids were extracted as follows. The cells were harvested by centrifugation at 10,000 ϫ g for 10 min and washed twice with 10 mM sodium phosphate buffer, pH 7.0. Cells were sonicated on ice and centrifuged at 1,000 ϫ g to remove cell debris. The supernatant, 0.4 ml, was transferred into a new Eppendorf tube, 0.04 ml of 5 M NaCl was added, and the mixture was incubated on ice for 30 min. The cell membranes were collected by centrifugation at 14,000 ϫ g for 1 h.
For solubilization of membrane lipids, the membrane pellet was extracted with 0.5 ml of chloroform-methanol (2:1, vol/vol) by shaking for 30 min at room temperature. Membrane proteins were pelleted at 14,000 ϫ g for 1 h and subjected two more times to chloroform-methanol extraction. Finally, the airdried pellet was resuspended in 50 l of 10 mM Tris-HCl, pH 8.0, and 50 l of 2ϫ sodium dodecyl sulfate-polyacrylamide gel electrophoresis (PAGE) sample buffer and boiled for 5 min (45). Proteins were resolved by SDS-PAGE, and 14 C-labeled proteins were detected by autoradiography, followed by Western analysis for detection of M. smegmatis PhoA.
For immunoprecipitation of M. smegmatis PhoA, whole-cell lysates of [ Protein gel electrophoresis and immunoblotting. Cell lysate preparation, SDS-PAGE (10 to 20% gradient gels, Bio-Rad), and protein transfer (Trans Blot SD; Bio-Rad) onto a membrane (Hybond-C extra, catalog no. RPN303E; Amersham Life Science) were performed as described (45) .
Nucleotide sequence accession numbers. The DNA sequences of the M. smegmatis phoA gene and of the M. smegmatis pst operon, including their flanking regions, have been deposited to the GenBank database with the accession numbers AY069934 and AY228478, respectively.
RESULTS AND DISCUSSION
Isolation of M. smegmatis mutant expressing elevated levels of PhoA. In an effort to study mutations conferring protein export defects in mycobacteria, we constructed a Tn5370 library in a reporter strain of M. smegmatis, mc 2 1279 (Table 1) . The reporter strain, mc 2 1279, was designed to constitutively express and export a recombinant fusion of the secreted M. tuberculosis 19-kDa antigen (LpqH) (15, 23) and the truncated E. coli PhoA (ЈPhoA). The secreted fusion protein was detected by its extracellular alkaline phosphatase activity, assayed by blue color production on plates containing the chromogenic substrate of PhoA, BCIP. Tn5370 insertion mutants that are defective in protein export would be expected to form white to pale blue colonies (decreased export) or colonies with intense blue color (increased export) compared to the parent strain (Fig. 1A) . After transposon mutagenesis of mc 2 1279 with Tn5370 (17), 12 mutants with altered PhoA activities were isolated. From approximately 10,000 transposon mutants, 12 white mutants and one intensely blue mutant were isolated. Eleven of the white mutants had insertions into the recombinant lpqH-ЈphoA fusion and one had an insertion in a gene homologous to cyaA (data not shown). We focused on characterization of mc 2 1280, the intensely blue mutant expressing elevated PhoA enzymatic activity.
Genetic transfer of Tn5370 insertion by generalized transduction transfers the elevated alkaline phosphatase phenotype. The Tn5370 insertion from the intensely blue mutant was transferred as an independent mutation into M. smegmatis mc 2 155 by generalized transduction with mycobacteriophage (Fig. 2, lane 1) . Strain mc 2 1279, which contains the lpqH::ЈphoA fusion, expressed the fusion product and had an immunoreactive protein band approximately 48 kDa in size (Fig. 2, line 2) . In mc 2 1280, the intensely blue mutant which contains the lpqH-ЈphoA fusion and Tn5370 insertion, a larger 55-kDa band was detected in addition to the 48-kDa band. Strikingly, the lysate from the transductant mc 2 1281 contained only the 55-kDa immunoreactive protein (Fig. 2, line 4) . The Western blot analysis indicated that the Tn5370 insertion, which led to elevated alkaline phosphatase activity in M. smegmatis, also led to expression of a protein in mc 2 1281 that was recognized by anti-E. coli PhoA antibodies. These data strongly suggested that M. smegmatis has an alkaline phosphatase which is not expressed under normal growth conditions and that the Tn5370 mutation in mc 2 After a search of genome databases, genes similar to M. smegmatis phoA were not found in slow-growing mycobacteria such as M. tuberculosis, M. avium, M. leprae, and M. bovis. By gene comparison of the mycobacterial genomes, we found that the genes flanking phoA in M. smegmatis exist in these organisms and are preserved in the same orientation but lack the phoA gene (Fig. 3) . Whether phoA has been lost in these organisms or M. smegmatis has acquired it during evolution waits to be determined by bioinformatic analysis. (39) . The predicted molecular mass of the precursor and the mature M. smegmatis PhoA were calculated as 53.7 kDa and 51.1 kDa, respectively (http://us.expasy.org/cgi-bin/pi_tool). The analysis of the M. smegmatis PhoA protein sequence and the experimental data revealed a discrepancy. The predicted molecular mass of the mature product (51 kDa) differed from the molecular size estimated by Western blot experiments (55 kDa). One possible explanation for the difference is that PhoA is subject to additional lipid modification. Another possible explanation is that the predicted M. smegmatis PhoA cleavage site is not recognized and the enzyme remains attached to the cell as a transmembrane protein via its hydrophobic domain.
M. smegmatis PhoA is a cell surface-associated lipoprotein. The data from the protein structure prediction analysis of M. smegmatis PhoA indicated that it may have a different cell topology than other bacterial alkaline phosphatases. In order to investigate this, we performed fractionation studies on whole-cell lysates prepared from M. smegmatis expressing phoA. The fractionation studies and subsequent immunoblot detection of PhoA revealed that M. smegmatis PhoA was recovered in the cell membrane fraction (Fig. 4A, lane 3) but was not found in the cleared cell lysate (Fig. 4A, lane 2) , which is in accordance with the prediction analysis indicating the presence of a hydrophobic N-terminal domain. The lipidation motif found in M. smegmatis PhoA indicated that the exported enzyme might also be acylated posttranslationally.
To determine whether M. smegmatis PhoA is indeed a lipoprotein, M. smegmatis cells constitutively expressing phoA were grown in the presence of [
14 C]acetate, and labeled lipoproteins were subjected to a fractionation analysis (see Materials and Methods) (data not shown). The experiment revealed that many proteins of the membrane fraction were acylated, and more than 30 of them could be separated by PAGE. The most abundant fractions of lipoproteins were found in the size ranges of 40 and 60 kDa. In contrast to E. coli, in which PhoA has been found after induction to account for as much as 6% of the total protein synthesized in the cell (56, 59), we were not able to determine a predominant protein band that would represent the PhoA protein in M. smegmatis.
In order to specifically recover the [ 14 C]acetate-labeled M. smegmatis PhoA, the protein was immunoprecipitated from whole-cell lysates by use of E. coli anti-PhoA antibody, separated by SDS-PAGE and blotted onto a membrane for subsequent autoradiography and Western analysis. Autoradiography of the immunoprecipitate detected a defined band of 55 kDa (Fig. 4B, section b) , indicating that PhoA is acylated. The same membrane was immunoprobed with anti-PhoA antibodies, and when compared to the imuno-precipitation autoradiographs, a defined protein band of 55 kDa was detected by Western blotting (Fig. 4B, section c) . The immunoprecipitation of an acylated protein with the anti-PhoA antibody provides direct evidence that the PhoA of M. smegmatis is acylated. This observation is consistent with the sequence analysis revealing a putative lipidation motif. The experimental data and the prediction analysis support the suggestion that M. smegmatis PhoA is a membrane-associated protein.
The observations that M. smegmatis PhoA is acylated and remains linked to the membrane protein fractions (Fig. 4) , as well as its functional association with the cellular fraction (Table 2), led us to propose that this alkaline phosphatase is functioning as a membrane-bound lipoprotein in M. smegmatis. Its cell surface association is most likely explained by the presence of a hydrophobic domain and a lipoprotein modification , the Tn5370 insertion sites in these mutants were sequenced. DNA sequencing revealed that Tn5370 was inserted into a gene homologous to E. coli pstB (68% homology to the pstB gene product in E. coli, gi:16131593). The pstB gene in E. coli encodes an ATPase (14, 51) and is a part of Pst, the phosphate-specific transporter located in an operon structure comprising the pstB, pstA, pstC, pstS, and possibly phoU genes (14, 54, 56) . Homologues of pst genes in other bacteria are also involved in the transport of P i (37, 40) . In E. coli, mutations in the pst genes negatively regulate the expression of phoA (14, 35) . Our finding that disruption of the pstB gene induces phoA expression in M. smegmatis suggests that a similar P i transporter very likely exists in M. smegmatis, because this mutation also negatively regulates the expression of phoA. To test this hypothesis, we sought to find other mutations that also conferred constitutive expression of the phoA gene in M. smegmatis.
In a separate transposon mutagenesis experiment, we mutagenized wild-type M. smegmatis with Tn5371 and isolated more M. smegmatis mutants constitutively expressing phoA (Fig. 1B) . All of the transposon insertion sites were sequenced and found to map in contiguous genomic regions, including pstS, pstA, pstC, and phoU gene homologues, all part of the pst operon (Fig. 5 ) (GenBank accession number AY228478). This experiment unambiguously confirms that a functional phoA gene exists in M. smegmatis and clearly demonstrates that its expression is tightly regulated by the pst operon.
In E. coli, the pst operon has been studied extensively, and its function has been found to be not only related to the uptake of inorganic phosphates but also linked to the intracellular regulation of phosphate accumulation (35, 54, 55) . As in other bacteria, we found that M. smegmatis phoA is induced in M. smegmatis upon phosphate starvation (Table 2) . M. smegmatis phoA was found to be expressed at low concentrations of P i , but the levels of the enzyme activity did not reach those of PhoA constitutively expressed by the pst mutants. Surprisingly, the pst mutants which were isolated and grew successfully on complex medium were not able to grow on 10 mM phosphate ( Table 2) . M. smegmatis growth curve studies confirmed these results (data not shown), demonstrating that the genes from the pst operon in M. smegmatis may be conditionally essential, which is contrary to the situation in E. coli.
These results suggest that the constitutive expression of phoA in M. smegmatis, observed as the result of mutations in the pst operon, may have a different mechanism of induction than phosphate starvation. Under similar conditions for P i uptake, E. coli uses the Pit system, which operates constitutively and delivers the necessary phosphate for cell growth even at phosphate concentrations as low as 20 M (58). Therefore, the Pit system may not exist in M. smegmatis, or if it exists, it is not efficient under the conditions used for phoA induction. Low levels of phosphatase activity were observed in the phoA mutant strain (Table 2) , which could be explained by the presence of other phosphatases.
More comprehensive studies of phosphate uptake in M. smegmatis are needed for a better understanding of how this system functions in mycobacteria. Recent studies have suggested a lack of inducible phosphatase activity in M. bovis BCG upon phosphate starvation (10) , which is in agreement with the fact that no identifiable structural homologues of M. smegmatis phoA can be found in the M. bovis BCG or M. tuberculosis genome database. Whether more complex regulation of phosphate uptake exists in M. smegmatis requires further investigation with different mycobacterial species.
Conclusions. While studying the secretion machinery of mycobacteria, we discovered the existence of a previously unknown phoA gene in M. smegmatis. In similarity to its phoA gene homologue in E. coli, which is negatively regulated by the pst operon, M. smegmatis phoA expression was found to be upregulated as a result of mutations in the pst operon genes 
